distribution feeders were proposed in [7] [8] [9] . However, the sequence analysis approach will cause extra errors in fault location for the untransposed lines. Hence, more fault-location methods with phase components instead of sequence components for distribution network were proposed in [10] [11] [12] [13] .
A one-end single-line-to-ground (SLG) fault location method based on Direct Circuit Analysis (DCA) was proposed in [10] . The fault distance is obtained by iterative process. In order to eliminate the effects of laterals and load taps, radial distribution network is transformed to equivalent multi-section circuit after fault diagnosis which can find out the lateral or main feeder where fault happens. The basic idea of fault location algorithm in multi-section feeder is: if the estimated distance exceeds the length of the calculated section, calculate the sending-end voltage and current of the next section, and estimate the fault distance in next section; if the estimated distance is less than the length of this section, the fault distance is the sum of lengths of sections before fault point and the estimated distance in the last analyzed section. The multi-section fault location algorithms in [11] [12] [13] [14] [15] [16] were designed based on this idea.
Utilizing matrix inversion lemma, the fault location methods in [11] and [12] provide quadratic equations of fault distance by fault admittance matrix for SLG fault and line-to-line (LL) fault. The method can get a unique fault distance by the solution of the equation, avoiding the false-root problem of iterative method. The drawback of this method is not applicable for all types of faults, but only for the faults with one fault resistance variable like SLG or LL faults.
The fault-location formulations were extended in [13] for all types of faults which contain SLG fault, LL fault, line-to-line-to-ground (LLG) fault, three-phase (LLL) fault and three-phase-to-ground (LLLG) fault in distribution systems. The typical characteristics of distribution network, such as laterals and load taps etc., were taken into account in this DCA based method. But it was noted in [14] that convergence problem exist in iterative process in [13] . The other drawback of the method in [13] is the missing of the capacitive effect of line, which is not tolerable in fault location for long feeders.
Different line models are adopted in fault location methods.
Because the length of each section in distribution feeders is just several kilometers, lumped parameter model is used in most fault location algorithms and differs from one model to other. The classical matrix impedance model (Z-matrix model) was used in [7] [8] [9] [10] [11] [12] [13] for overhead lines, while π model was used in [15] , [16] to compensate the capacitive effect. The distribution line model was utilized in [14] for distribution systems. However, a very simple fault model which assumes that all fault resistances of phase-to-phase and phase-to-ground are equal was taken for the fault location algorithm in [14] . Fixed point iterative method is used in most fault-location methods as in [7] [8] [9] [10] and [13] [14] [15] [16] . In [11] and [12] , fault distance is directed solved by quadratic equation in one variable for SLG and LL faults. Reference [14] shows that the fixed point iterative method may cause divergence.
In this paper, a single-end fault location method for distribution systems is proposed. Using fault admittance matrix, a fault-location formulation in phase network for all types of fault has been derived for Newton-Raphson iterative method. The capacitive effect is considered in multi-section fault-location algorithm by using π model. A benchmark shows the proposed method has good performance in accuracy and convergence.
II. DERIVATION OF GENERALIZED FAULT-LOCATION FORMULATION
The following three-phase equations are obtained by Kirchhoff law from As shown in (4), the unknown parameters are fault distance x and fault admittance matrix f Y which differs from the types of faults. 
-the fault admittance matrix of LLLG fault.
III. FAULT-LOCATION ALGORITHM FOR SINGLE SECTION
The coefficients in (4) can be calculated by the voltage and current data in substation end and relevant impedance data.
Six equations can be obtained from the real part and imaginary part in (4) .
The vector of unknown variables which consists of fault distance and elements of the fault admittance matrix can be solved in (4) by Newton-Raphson method for all faults except LLLG fault.
According to the LLLG fault admittance matrix, there are seven unknown variables in six equations. The number of equations is not adequate for a solution. Utilizing the star equivalent circuit of LLLG fault in Fig. 3a , extra equations can be obtained by star-delta transform. 
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In the equation set of (4), (6) and (7), the fault distance of LLLG can be solved by Newton-Raphson method.
IV. FAULT-LOCATION ALGORITHM FOR GENERAL FEEDERS
The proposed method in previous section is a fault-location method for a single section, but it is practical for fault location in radial distribution system.
The lateral or main feeder where fault occurs can be found out using the fault diagnosis methods in [10] , [17] , [18] . Then, as can be seen in Fig. 4 , the power consumption beyond the power flow path with fault is considered as load taps, and an equivalent multi-section feeder of radial distribution network can be developed.
By dividing power flow path with fault into multi-sections as Fig. 4 , the effect of some factors, such as nonhomogeneous lines, laterals, and unbalances by the presence of single-phase line and load taps, can be eliminated [10] .
The principle of dividing feeders into section is [14] :
1) The point with load taps;
2) The junction where the number of phases or the configuration of line changes. Then, the impedance of loads can be obtained by the pre-fault power flow data and is considered as constant. At last, whether feeders are symmetrical or not, it does not affect the proposed algorithm developed in phase network.
For the very short sections in distribution network, the Z-matrix model is taken in the single-section fault-location algorithm illustrated in Section II. But the whole length of distribution feeder is long enough, it is necessary for the multi-section fault-location algorithms to compensate the effect of shunt capacitance by using π line model.
The process of multi-section fault-location algorithm can be explained as follows.
Step 1) Establish the equivalent multi-section circuit for fault location, using the information of the topology of distribution network and the equivalent loads calculated by pre-fault power flow data.
Step 2) Measure the fundamental frequency components of voltage and current at the substation end.
Step 3) Start the fault investigation for a section (beginning with the first section in substation) by the single-section fault location algorithm.
Step 4) If estimated fault distance x is negative or within the length of the section, stop the algorithm; otherwise, calculate the sending-end voltage and current for the next section; then go to Step 3). Using π model of line, the equivalent circuit of a health section is showed in Fig. 5 . There are
where k is the number of analyzed section; ( ) Step 5) Calculate the total fault distance total x , especially, if estimated fault distance x is negative, set x to zero total sr
where sr x is the distance between the substation end and the sending-end of the last analyzed section.
V. SIMULATION STUDY AND RESULT ANALYSIS
In this paper, error is calculated by (11) To validate the proposed method, the IEEE 34 Node Test Feeder as shown in Fig.6 is modeled using PSCAD-EMTDC. This feeder has 8 laterals, 5 types of untransposed overhead lines whose configurations are shown in Table I , 2 regulators and 6 types of loads which are illustrated in Table II. Simulation studies are implemented to evaluate the performance of the proposed method. Additionally, the tests also evaluate: 1) The effect of shunt capacitances of line.
2) The convergence of the method in comparison with methods proposed in [13] , [15] , [16] , among which [13] does not compensate the capacitive effect.
The following conditions were considered in the simulations: 3) 8 fault points along the main feeder of 800-802-806-812-814-850-816-824-826-828-830-854-852-8 32-858-834-860-836-862-838, this total line length total L is 58.9819 km. 4) 4 fault types (LG, LL, LLG and LLLG fault); 5) 3 different fault resistances (0Ω, 10Ω, 300Ω ).
Four methods are tested as a benchmark. Besides the method proposed in this paper, there are other three methods proposed in [13] , [15] and [16] . These four test methods are all capable for all types of fault and various fault resistances. Also there are differences among them. Salim's method in [13] ignores the capacitive effect by using Z-matrix line model, Filomena's method in [15] considers the capacitive effect by using π model based on [13] , and Salim's method in [16] takes π line model for fault distance calculation. The three methods all get a solution by fixed point iterative method, and the proposed method in the paper get a solution by Newton-Raphson method. Table III shows the comparisons of these algorithms for 8 fault points, 4 fault types and 3 different fault resistances. It is found in the benchmark for four methods, the proposed method has better convergence than the other three methods which may be diverged in high fault resistances. The error is increasing with the increase of fault resistance. And when fault distance increases, the accuracy is decreasing. But there is not clear evidence to support that the accuracy is related to fault types.
As can be seen in Table IV , Salim's method in [16] has better performance in low fault resistance; Salim's method in [13] has the worst performance. The errors between Salim's method in [13] and other methods explain the effect of shunt parameters of line. At the meantime, the proposed method has nearly equal accuracy with Salim's method in [16] , while the proposed method has better robustness than Salim's method in [16] in high fault resistance.
The loads in simulation consist of constant impedance loads, constant power loads, and constant current loads. When a fault happens, impedances of constant power loads and constant current loads change. So it can be inferred from the fault-location formulation in the proposed algorithm that relation between errors and fault resistances or fault points is just outward phenomenon, in essential, the errors may be caused by the uncertainty of load impedances for the load variations in fault period.
If the impedance of all loads is correct, the proposed method can get the exact result. But it is difficult to identify the type of every load in distribution network to estimate load impedance in fault period.
Additionally, the solution in proposed method is a vector which consists of fault admittances and fault distance. Hence, the validity of estimated fault distance can be evaluated by the value of fault resistances, because the proposed method provides a very accurate fault distance in low fault resistance. When the fault resistances are enough big, estimated distance has a large error, just for reference. 
VI. CONCLUSIONS
A new single-end fault-location method in radial distribution systems is proposed in this paper. The typical characteristics of distribution networks have been taken into consideration in proposed method. Furthermore, the method is suitable for all types of fault and various fault resistances.
A generalized fault-location formulation is devised in phase domain by utilizing fault admittance matrix. The fault distance can be solved from the formulation by Newton-Raphson iterative method. In order to eliminate the capacitive effect of feeders, the proposed algorithm adopts π model of line for the calculation of voltage and current in iterative process. The evaluation studies based on PSCAD/EMTDC simulation data have demonstrated that the proposed method has high accuracy and better robustness than methods in [13] , [15] and [16] which use fixed point iterative method.
The results of simulation also show that proposed method has higher accuracy in low resistance faults. However, because the load impedances in high resistance faults have a remarkable discrepancy from the load impedances calculated by pre-fault power flow data, errors increase with fault resistance. The effect of load variation in fault period will be furthered in future work.
